INTRODUCTION
Infrared radiance measur?ments from satellites or from potable field instruments can be used for remote estimation of snow surface temperature. These temperatures could in turn be used to calibrate a snow surface energy budget model [e.g., Anderson, 1976 ] over a drainage basin or to map snow cover at subpixel resolution [Wan, 1981] . For such purposes, however, the radiance measurements must be corrected for variations in the emissivity of snow and also for atmospheric attenuation. Here we discuss the forms of these two corrections. We show that while variations in emissivity because of grin size, density, or liquid water are apparently not signifieant in ihe wavelengths of the atmospheric water vapor windows, the'effect of viewing angle must be considered, especially in mountainous areas, where local slope combined with satellite scan angle can lead to large viewing (nadir) angles. Emissivity variations with viewing angle must also exist for other surfaces because reflectance usually increases significant19 with incidence angle.
THEORETICAL MODEL FOR SNOW EMISSIVITY
From the principle of detailed balance, the probability for spectral emission of radiation in a given direction is equal to the probability of absorption of radiation at that same wavelength if it were incident along that same direction. This is a consequence of time-reversal symmetry' the probability of occurrence of a process is equal to the probability of occurrence of the reverse process IReif, 1965]. Applied to thermal radiation, this principle is known as Kirchhoff's law [Siegel and Howell, 1981] . For an opaque or 'semi-infinite' medium, radiation can only be reflected or absorbed, hence for any incident or viewing direction angle, directional
The underlying surface does not contribute to thermal emission, even for snow only a few millimeters thick, so here we need not consider transmission and may use the simpler formulas appropriate to a semiinfinite scattering medium. The single scattering albedo to and asymmetry factor g in the scattering phase function are calculated from the Mie equations and depend on the complex refractive index of ice and the snow grain size, represented by an optically equivalent sphere of radius r; to is the total fraction of the radiation intercepted by a snow grain that is scattered (instead of absorbed), and g is the mean value of the cosine of the scattering angle. Thus 0 -< to -< 1 and -1 -< g -< 1; g = 0 for isotropic scattering, + 1 for completely forward scattering, and -1 for backward scattering; to* and g* are the deltaEddington transformations of to and g [Joseph et al., 1976] .
The equation for directional emissivity es(h,
The justification for modeling irregularly shaped snow grains as a collection of spheres is considered later in this paper, using an equivalent spherical radius to mimic the scattering properties. Rapid methods for Mie calculations are described by Wiscombe [1980] and Nussenzveig and Wiscombe [ 1980] . For the complex refractive index m of ice in the range 2.8 -< X -< 33/xm, we use the measurements of Schaaf and Williams [1973] , beyond 33 /xm, we apply temperature corrections to the measurements made by Bertie et al. [1969] at 100 K.
In Figure 1 we show calculations of the spectral emissivity of snow, averaged over emission angle, for four grain sizes and for a single grain size r = 200 gm at five emission angles. These are consistent with the emissivity calculations for X -< 12 gm in Figures 8b and l lb of Wiscombe and Warren [1980] . The optically equivalent sphere (assuming such an equivalence can be made) is likely to be that which has the same volume-to-surface ratio as the real nonspherical snow particle [Warren, 1982] . This means that the equivalent sphere for a stellar crystal would have a diameter comparable to the width of a stellar branch. The smallest grain size considered here, r = 50 gm, is the smallest effective spherical radius required by Wiscombe and Warren to match the highest measured reflectance values in the solar near-infrared wavelengths. Such fine grains represent the finest sizes of any significant fraction in Antarctic drift snow; snow in the mid-latitudes typically has r >_ 50 txm when newly fallen, increasing with age to r ---1 mm for old melting snow.
The emissivity is sensitive to grain size only at certain wavelengths. In particular, it is insensitive in the atmospheric water vapor window from 8 to 14/xm, where most of the emitted radiation is concentrated, but it is somewhat sensi-tive in the 3.5-4.0/xm water vapor window, especially for small grains. There is little radiation emitted from the earth in the short wavelengths of the Planck function (less than 0.1% for X < 4 tzm at T = 270 K) so these variations are not of interest for energy budget studies. They are of interest for remote sensing, however, because the clearest atmospheric water vapor window in the infrared is from 3.5-4.0 tzm, where channel 3 on the Advanced Very High Resolution Radiometer (AVHRR) on the NOAA Tiros-N series satellites is located. The variation of emissivity with viewing angle at wavelengths 8 to 14 tzm is of the most practical importance: for remote sensing because these wavelengths are within the major water vapor window and for energy budget purposes because the Planck blackbody function peaks between 10 and 11 tzm for typical snow surface temperatures. From 20 to 40 tzm emissivity is highly sensitive to view angle and to grain size for r < 200 tzm, but atmospheric absorption in these wavelengths is almost complete. 
RELATIONS BETWEEN EMISSIVITY AND BRIGHTNESS

TEMPERATURE
Note that if e = 1, each of these equations reduces to the identity T• = T. Otherwise, the error introduced if one were to assume snow to be a black body is T• -T; this error is dependent on wavelength, even for a constant emissivity, as Figure 2 shows. Within the range of snow temperatures commonly encountered in the mid-latitudes (250-273 K), the quantity T• -T is rather insensitive to T for e -> 0.98.
OTHER FACTORS POSSIBLY AFFECTING SNOW EMISSIVITY
Of all the snowpack parameters that affect snow albedo or emissivity in various regions of the electromagnetic spec- trum, it turns out that only the emission angle has a significant influence in the thermal infrared. Because of the strong absorption by ice through the infrared, as noted above, a snowpack need only be a few millimeters thick to obscure any effect of the underlying surface. Thus we may say that emissivity is unaffected by snowpack thickness. Again, because of the strong absorption, trace amounts of impurities cannot affect snow infrared emissivity (even though they may affect solar albedo). There remain three parameters that cannot yet be ruled out as influencing infrared emissivity: namely, grain shape, snow density, and liquid water content, and we consider these in turn. We conclude that they are probably all negligible, as follows. Because absorption and scattering efficiencies are not much affected by particle shape, single scattering albedo •o is also not much affected. In the size ranges considered by Mugnai and Wiscombe and Pollack and Cuzzi, asymmetry factor g decreased as a result of nonsphericity. In their ranges of sizes and refractive indices, however, g is also sensitive to particle size, whereas in the size ranges appropriate for our problem, wavelengths 3-15/am and snow grain radii 50-2000/am, g is insensitive to size. Thus nonsphericity corrections are probably small, although we cannot definitively calculate their magnitude. The exception might occur in a case where the grains were not only nonspherical but oriented as well, because the effects of shape are then not averaged over orientation.
Density
Because snow particles are closely packed, they may be in each other's 'near field,' meaning that Mie scattering theory is inapplicable. Wiscombe and Warren reviewed the possible effects and pointed out that interparticle interference should be neglected for particles whose center-to-center separation d is large in comparison to the wavelength X. Since d >> X in the solar spectrum, no interference should be observed, and this is confirmed by Bohren and Beschta's [1979] observation that the albedo of a thick snowpack is independent of density. For the thermal infrared spectrum, where for finegrain snow, d is only 5 to 10 times X, interference effects may arise, making snow thermal emissivity a function of density as well as grain size.
It is possible to estimate the effect, using the adjustments to Mie theory that Gate [1973] 
where X is wavelength in vacuum.
To make this near-field adjustment a truly consistent formulation that gives the correct emissivity in both limits x << 1 and x >> 1, one would have to adjust the complex refractive index, treat the medium of ice and air as absorptive, and account for Fresnel reflection by the medium at the snow surface. There is also some question as to whether Gate's mixing rule is the appropriate one, i.e., whether instead of refractive index, one should average dielectric constants. We do not include these embellishments here because we just wish to show that the magnitude of the effect of density on emissivity is negligibly small. By adjusting only mre, we should get a good approximation to the true nearfield effects. Thus the likely effect of the ice-water geometry is to shield the water. Therefore, if we assume, for simplicity, that the ice and water exist as separate, spherical particles, we will overestimate the effect of the liquid water on snow emissivity. Since our aim here is only to show that the magnitude of the liquid water effect is entirely negligible, we follow this approach. We assume that the water 'particles' are the same size as the ice grains, so the S's in (11-13) may be replaced by the volume fractions. We caution against. using this approach for microwave frequencies. For wavelengths where there is an enormous difference between the refractive indices of ice and water, a model would have to consider more precisely the geometry of the water inclusions. is assumed constant over th e wavelength ranges in Table 1 and is therefore eliminated from (16). In Figure Table 1. error because of grain size is about -0.5 ø . On the other hand, the viewing angle is significant, involving errors as large as -3 ø for NOAA 7 channel 5 and for the 8-14 and 4-50/am sensors. Fortunately, however, since grain size is apparently unimportant, the curves in Figure 7 can be used to correct brightness temperature measurements with these instruments. Furthermore, (16) can be used to calculate corrections for other instruments with different response functions or different wavelength ranges. For the six sensors listed in Table 1 we express the same information portrayed in Figure 7 as empirical correction equations. These were developed for 300-/am snow and would be accurate for all grains sizes above 100/am, i.e., for all except fresh, newly fallen snow. They are expressed as rational Chebyshev approximations [Cody et al., 1968] Table  2 for the six sensors in Table 1 To include our emissivity calculations in this atmospheric correction model, the right-hand side of (18) must be changed to add that portion of the T• -T4 difference that results from emissivity variation with wavelength. Similarly, the left-hand side of (18) A problem remaining to be solved for accurate snowsurface temperature measurements is the correction for subresolution-scale elements of different temperature than the snow. In the spring particularly, exposed rocks and trees may be much warmer than the snow, and the radiation emitted from these gurfaces inflates the satellite-measured brightness temperatures, which on the NOAA-series satellite are averaged over pixels 1.1 km on a side. Dozier [1981] has shown that dual-channel thermal infrared measurements can be manipulated to solve for subpixel temperature fields, 
